Abstract: Frustrated Lewis pair (FLP) chemistry enables ar are example of alkyne 1,2-hydrocarbation with N-methylacridinium salts as the carbon Lewis acid. This 1,2-hydrocarbation process does not proceed through ac oncerted mechanism as in alkyne syn-hydroboration, or through an intramolecular 1,3-hydride migration as operates in the only other reported alkyne 1,2-hydrocarbation reaction. Instead, in this study,a lkyne 1,2-hydrocarbation proceeds by an ovel mechanism involving alkyne dehydrocarbation with ac arbon Lewis acid based FLP to form the new C À Cb ond. Subsequently,i ntermolecular hydride transfer occurs,w ith the Lewis acid component of the FLP acting as ah ydride shuttle that enables alkyne 1,2-hydrocarbation.
The functionalization of alkynes with borane Lewis acids is ubiquitous and best exemplified by the alkyne syn-1,2-hydroboration reaction (route A, Scheme 1). [1] More recent studies have led to the development of other metal-free alkyne hydroboration reactions (e.g. 1,1-hydroboration, route B, and trans-1,2-hydroboration, route C). [2] [3] [4] [5] Carbenium ions are isoelectronic to boranes;h owever, the metal-catalyst-free hydrocarbation of alkynes remains extremely rare,i nc ontrast to alkyne hydroboration, for reasons discussed in detail by Mayr and co-workers. [6] 1,2-Hydrocarbation involves the addition of aC ÀHg roup of a[R 2 CH] + electrophile across atriple bond and thus is distinct from the more common Lewis acid activation of an alkyne for as ubsequent S E Ar reaction. [7] To the best of our knowledge there is only one previous report of alkyne 1,2-hydrocarbation, specifically,t he addition of benzhydrylium cations to ynamides (Scheme 2). [6] In this previous study,i tw as found that:a )alkyne 1,2-hydrocarbation is as tepwise process, b) only highly nucleophilic alkynes were amenable,a nd c) hydrocarbation only occurs when the carbocation formed following 1,3-hydride transfer is significantly stabilized. Therefore,a lkyne hydrocarbation reactions are currently limited, and new mechanistic pathways for this conversion are highly desirable,a sb reakthroughs in this area will aid the development of new ways of creating C À Cand C À Hbonds in one step. One approach to access novel products from alkynes and Lewis acids is to treat alkynes with Lewis acid/Lewis base mixtures that form frustrated Lewis pairs (FLPs). [8] This approach has led to alkyne dehydroelementation (e.g. dehydroboration, Scheme 1, top left) and 1,2-trans-addition of the FLP components to the alkyne (e.g.S cheme 3, top). [9] [10] [11] [12] Whereas most FLPs contain boron-based Lewis acids,c ationic carbon Lewis acids can be effective in FLPs. [13] Of specific relevance to this study is the reaction of alkynes with [Ph 3 intramolecular Friedel-Crafts reactivity or 1,2-addition to the alkyne (Scheme 3). [14] In these cases,t he absence of aC À H functionality at the electrophilic carbon center precludes hydrocarbation reactivity.A sp art of our studies on carbon Lewis acid based FLPs, [15] we were interested in determining the reaction outcome(s) from combining the carbon Lewis acid N-methylacridinium ( [1] + )w ith alkynes,w ith and without additional Lewis bases.T hese experiments led to the discovery of an ew FLP-mediated route for the 1,2-hydrocarbation of alkynes.T he mechanism of this reaction is distinct from that reported by Mayr and co-workers and those established for alkyne hydroboration reactions.
Fora lkyne 1,2-hydrocarbation by an analogous stepwise route to that reported by Mayr and co-workers to be feasible, the cation formed after the 1,3-hydride shift (the hydrocarbation product, [2] + )h as to be more stable than the vinyl cation initially formed from the interaction of the carbon Lewis acid and the alkyne.C alculations at the M06-2X/6-311G(d,p) level (with PCM (CH 2 Cl 2 )) confirmed that this relationship was true for the combination of the N-methylacridinium cation ( [1] + )w ith 4-ethynylanisole,w ith the 1,2-hydrocarbation product, [2] + ,b eing energetically favored over the vinyl cation (Scheme 4).
However,t he combination of [1] 
À ;t his anion was chosen as it was an effective counterion in previous FLP chemistry with [1] + ) [15] and 4-ethynylanisole led to no reaction in dichloromethane (DCM) at 20 8 8Coronheating at 60 8 8C(in asealed tube). This result is in contrast to the reactivity of benzhydrylium salts and ynamides (which react at 20 8 8C) and is presumably due to the lower electrophilicity of [1] + (relative to benzhydrylium salts) and the lower nucleophilicity of 4-ethynylanisole (relative to ynamides), thus resulting in al arger kinetic barrier, which prevents hydride migration in this case despite the favorable thermodynamics. [16] Furthermore,anattempt at trans-hydrocarbation with mixtures of [1] + , N-methylacridane (as ah ydride source), and 4-ethynylanisole (analogous to pathway C, Scheme 1) led to complex mixtures with minimal hydrocarbation product observed. In contrast, an equimolar mixture of [1] [BArCl],2,6-lutidine (which forms an FLP), [15a] and 4-ethynylanisole resulted in aslow reaction. After 48 hat 20 8 8Ci nD CM, only partial consumption of [1] [BArCl] had occurred;nevertheless,crystallization (by layering the sample with pentane) and X-ray diffraction studies revealed formation of the Z 1,2-hydrocarbation product [3] [BArCl] (Scheme 5, left). Ther eaction was accelerated at higher temperature (60 8 8C, 72 h) but led to the observation of adifferent product in the 1 HNMR spectrum, consistent with the trans isomer, [2] + (which has two diagnostic vinylic doublets with 3 J H,H = 16 Hz). Thef ormation of the E 1,2-hydrocarbation product [2] [BArCl] was confirmed by NMR spectroscopy,m ass spectrometry,a nd X-ray diffraction studies.I dentical outcomes were observed when the reactions were performed in the dark, and during these reactions Nmethylacridane (1-H)a nd an ew acridinium species were observed as intermediates.
As no hydrocarbation reaction proceeded in the absence of 2,6-lutidine,aconcerted mechanism (analogous to syn-1,2-hydroboration of alkynes with R 2 BH) and as tepwise mechanism (analogous to the 1,2-hydrocarbation of ynamides with benzhydrylium salts) are precluded. TheF LP of [1] + /2,6-lutidine could conceivably react with alkynes by anumber of pathways,including dehydrocarbation or 1,2-addition. To rule out the 1,2-addition pathway,anon-nucleophilic Lewis base was used instead of 2,6-lutidine.O nr eplacing 2,6-lutidine with the hindered base 2,4,6-tri-tert-butylpyridine (TBP), [2] [BArCl] was again formed in situ as the major product from [1] [BArCl]/4-ethynylanisole (after 72 ha t6 0 8 8C). The formation of [2] [BArCl] with TBP indicates that ad eprotonation (dehydrocarbation) pathway is most likely,a sa lkyne 1,2-addition products are precluded with this extremely hindered base.T he most probable proton source is the Lewis acid activated alkyne (the vinyl cation, Scheme 4, left), which on deprotonation would yield the dehydrocarbation product 4 (Scheme 6) containing anew CÀCbond, along with an equivalent of protonated base.Direct deprotonation of the alkyne by these two pyridine derivatives is not feasible owing to the large difference in the pK a values of the pyridinium ions + with 4-ethynylanisole) and the 1,2-hydrocarbation product [ [1] [BArCl] completely converted into 1-H along with approximately 10 mol %f ormation of an ew N-methylacridinium species,p roposed to be [5] + (Scheme 6, inset), which was confirmed by subsequent independent synthesis.U pon heating this reaction mixture at 60 8 8C, [2] [BArCl] was detected as the major product. When the reaction was repeated in the absence of [1] [BArCl],c onversion into [2] [BArCl] still proceeded, although it was notably slower.T hese results are consistent with the 1,2-hydrocarbation reaction proceeding through initial dehydrocarbation of the terminal alkyne by the FLP combination of [1] + /pyridyl base to form 4.C ompound 4 is then converted by reaction with the hydridophilic Lewis acid [1] + ,u ltimately to form [2] + .T op reclude any hydride-transfer processes mediated by Lewis acidic boranes derived from decomposition of [BArCl] , [17] we utilized ad ifferent anion. .T he formation of [2] + could proceed from 4 by concerted protonation/1,2-hydridet ransfer (analogous to pathway B, Scheme 1). However,w hen the migrating hydrogen atom in 4 was replaced with deuterium (Scheme 6), the deuterium atom was transferred from position 1toposition 3, thus precluding a1 ,2-hydride-transfer mechanism. Furthermore,arelated mechanism involving protonation at position 2and an intramolecular 1,3-hydride shift is disfavored, as it would proceed via the original vinyl cation formed on the combination of [1] + and the alkyne (Scheme 4, left) and thus would be expected to proceed in the absence of the pyridyl base,which was not observed. Compound 4 was not observed in situ on treating 4-ethynylanisole with the FLP 2,6-lutidine/ [1] + ,t hus indicating that it is rapidly consumed, presumably by reaction with [1] + as discussed above.T his reaction would generate an equivalent of [5] + and 1-H.T he chemical structure of [5] + contains an a,b,g,d-unsaturated system and is aMichael acceptor.Therefore,itisfeasible that 1-H would transfer ah ydride to the d position of [5] + ,w hich would be consistent with the deuterium-labeling studies and represent an intermolecular hydride-shuttle route for the 1,3-hydride migration. To gain insight into this hypothesis,t he hydride-ion affinity (HIA) of [5] + (relative to Et 3 B) was computationally determined (at the M06-2X/6-311G(d,p) level (DCM solvation (PCM)). TheH IA of [5] + at the b position (À47 kcal mol À1 )i sl ower than that of [1] + (À53 kcal mol À1 ), thus confirming that intermolecular hydride transfer from 4 to [1] + is favored, consistent with the formation of 1-H observed during the FLP reaction. More notably,the HIA of [5] + at the d position is higher than that at the b position and higher than that of [1] + .T his result indicates that the hydride may be transferred from 4 to the d position of 5 (to yield allene tautomer 6,S cheme 7, inset) in aprocess mediated by [1] + (as the direct conversion of 4 into 6 does not proceed). An analogous transformation was reported for the acid-catalyzed rearrangement of tertiary propargyl alcohols to allenenols (known as the MeyerSchuster rearrangement). [18] Protonation of 6 would then lead to the observed product, [2] + . To assess experimentally the reactivity of [5] + ,weheated equimolar amounts of [5] [I] and N-methylacridane (1-H), both independently synthesized, in solution at 60 8 8C. Interestingly,noformation of the expected product 6 from hydride transfer was detected. Instead, after 30 h, the major product observed was the alkene [7] + (confirmed crystallographically), which was presumably formed by the reaction of allene 6 with the by-product [1] + from hydride transfer (Scheme 8). Characterization of [7] + enabled the minor species observed in the formation of [2] + / [3] + from the reaction of [1] + /2,6-lutidine/4-ethynylanisole to be identified as [7] + .T his result supports the intermediacyo fa llene 6 in the FLP reaction to form [2] + / [3] + and also indicates that the protonation of 6 is favored over its alkylation. Thel atter hypothesis was confirmed by the addition of one equivalent of [2,6-lutidinium] [AlCl 4 ]t o [ 7] [I],w hich led to the hydrocarbation Scheme 7. Hydride-ion affinities of [1] + , [2] + ,a nd [5] + ,and structure of compound 6.
Scheme 8. Synthesis of the 1,2-hydrocarbation product [7] [BArCl], and solid-state structure of [7] + .
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Communications product [2] + and [1] + .T he conversion of [7] + into [2] + also suggests the reversibility of C À Cb ond formation involving allene 6 and [1] + . Theh ydrocarbation product [2] + is also aM ichael acceptor,s oc ould undergo further reduction initiated by hydride transfer from 1-H.H owever,t his reactivity was not observed, potentially because [1] + has ahigher HIA than [3] + (HIA = À51 kcal mol À1 in the b and À52 kcal mol À1 in the d position). Thelower electrophilicity in the d position of [2] + relative to that in [5] + is attributed to the reduced conjugation between the g,d system and the acridinyl moiety (in the solidstate structure of [2] + ,the torsion angle Ca,Cb,Cg,Cd is 46.08 8, whereas it would be 08 8 in [5] + ). Combined, the data indicate that this 1,2-hydrocarbation reaction is the result of an initial FLP-type process:L ewis acid activation of the alkyne/ deprotonation (dehydrocarbation) to form 4,f ollowed by stepwise intermolecular hydride transfer/protonation steps to yield the final product [2] + or [3] + ,w ith [1] + acting as an exogenous Lewis acid to facilitate hydride shuttling (Scheme 9). Thec omputationally optimized structure of allene 6 reveals that protonation at the least hindered face of the allene would lead to the Z isomer [3] + ,w hich is consistent with the observation that [3] + is the kinetic product and is formed at 20 8 8C. We hypothesize that owing to greater unfavorable steric interactions of the substituents in the Z isomer [3] + ,heating is sufficient to form predominately the thermodynamic E isomer [2] + (possibly by reversible protonation/deprotonation of [3] + ). Similar reactivity has been observed for the protonation of allenolates,with the Z isomer being the kinetic product and the E isomer the thermodynamic product. [19] Therate-determining step of the overall reaction appears to be the dehydrocarbation of the alkyne with the Lewis acid/ Lewis base FLP.T his hypothesis was supported by the observation of minimal reactivity of the carbon Lewis acid based FLP combination after 72 ha t6 08 8Cw hen 4-ethynylanisole was replaced with the less nucleophilic alkyne 4-ethynyltoluene (Scheme 10, left). However, when independently synthesized 8 was heated in the presence of the 2,6-lutidinium cation and [1] + (10 mol %) to facilitate hydride transfer, the hydrocarbation product [9] + was observed as the major product. Notably,t he conversion of 8 into [9] + was significantly quicker when [1] + was used as an exogenous hydridophilic Lewis acid to mediate the 1,3-hydride migration than in the absence of [1] + ,a so bserved in the formation of [2] + from 4. In summary,t he first example of alkyne 1,2-hydrocarbation enabled by FLP chemistry has been presented. It is based on extending an established FLP reaction, alkyne activation/ deprotonation, to carbon Lewis acid based FLPs,which in this case results in dehydrocarbation. This step is then followed by intermolecular hydride transfer enabled by the Lewis acidic component of the FLP,which acts as ahydride shuttle.Finally, protonation delivers the hydrocarbation product. As eries of control experiments disfavored am echanism based on intramolecular 1,3-hydride migration;i nstead, an ew alkyne 1,2-hydrocarbation mechanism was identified that requires aLewis base and afree Lewis acid. Theability to circumvent the intramolecular 1,3-hydride migration step in this hydrocarbation mechanism is particularly important, since 1,3-hydride migration is as low process (even when highly exothermic), as highlighted by Mayr and co-workers. [6] Therefore,i np revious studies slow intramolecular 1,3-hydride migration led to the carbocation derived from the addition of [R 2 CH] + to an alkyne/olefin reacting with an external nucleophile and not undergoing hydrocarbation. [20] Thei ntermolecular hydride-shuttle mechanism disclosed herein offers the potential to circumvent the intramolecular 1,3-hydride-migration step and make hydrocarbation reactions more general.
